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1. Introduction
Increasing efforts are devoted to the research of
thermoplastic nanocomposites exhibiting improved
and novel properties. Most of these studies are
focused on the investigation of correlations between
structural features and mechanical properties. A
large body of research has been developed on polar
nanofillers (such as silicas, metal oxides, metal salts,
layered silicates, etc.) which have been successfully
added to thermoplastic matrices in order to improve
their thermal, mechanical and rheological perform-
ances [1–8]. On the other hand, these nanofillers are
generally poorly dispersed in apolar thermoplastics
(such as polyolefins), thus limiting the beneficial
effects of nanofiller addition on the thermo-mechani-
cal properties. Different strategies have been adopted
in order to improve the dispersability of polar nano -
fillers, such as the direct incorporation of the filler
during the in-situ synthesis of the polymer [9], the
addition of the filler during melt mixing [10, 11] or
the dispersion of the filler by solution techniques
[12]. However, in order to attain a qualitatively fine
dispersion of the nanofiller within the matrix, a sur-
face treatment of the filler should be considered
[13–15], or a polymeric compatibilizer should be
added during melt mixing [5, 16–19].
Due to its combination of low cost, high chemical
resistance and relatively good mechanical proper-
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ties, polyethylene is one of the most largely used
polyolefin. In particular, linear low-density poly-
ethylene (LLDPE) is widely used for film produc-
tion in the packaging industry, especially because of
its high tear and impact strength [20]. Dorigato et
al. [2, 21, 22] studied the effect of various kinds of
amorphous silica nanoparticles on the viscoelastic
and fracture behaviour of LLDPE based compos-
ites. Elastic moduli of the prepared composites
resulted to be strictly related to the surface area of
the filler rather than by its dimensions. Tensile
properties at yield and at break increased with the
surface area of the nanofiller and were positively
affected by the presence of an organosilane on the
surface of the nanoparticles. Furthermore, the appli-
cation of the essential work of fracture (EWF)
approach showed that the introduction of fumed sil-
ica nanoparticles produced an evident toughening
[22]. Moreover, it has been also proven that the
addition of surface treated silica particles to a poly -
propylene matrix can lead to a certain improvement
of the thermo-mechanical properties of the matrix
itself and a remarkable increase of the fiber/matrix
adhesion when E-glass fibers are added [23]. 
Boehmite (BA) with chemical composition AlO(OH)
is a quite inexpensive mineral component of the
aluminum ore bauxite. It can also be produced syn-
thetically in particulates with different aspect ratios.
Their primary particle size is in the range of tens of
nanometers. The recent interest for using BA fillers
to produce thermoplastic nanocomposites is fuelled
by the fact that they can be finely dispersed on nano -
scale by both traditional and water-assisted melt
compounding techniques [24–30].
The present work aims at investigating the effect of
BA addition on the viscoelastic behaviour of LLDPE.
Particular emphasis has been devoted to the study
of the fracture toughness evaluated by the EWF
approach.
2. Experimental section
2.1. Materials and samples preparation
The matrix used in this work was a Flexirene®
CL10 linear low-density polyethylene (MFI at 190°C
and 2.16 kg = 2.6 g/10 min, Mn = 27 000 g·mol–1,
density = 0.918 g·cm–3), produced by Versalis S.p.A.
(Mantova, Italy) using Ziegler-Natta catalysis and
butene as a comonomer (C4-LLDPE). This type of
linear low density polyethylene, containing antioxi-
dants, is suitable for cast extrusion of thin films with
high optical properties.
Two different grades of untreated BA, namely Dis-
peral® 40 (BA-D40) and Disperal® 80 (BA-D80)
(supplied by Sasol GmbH, Hamburg, Germany)
were used as fillers. Their nominal primary crystal-
lite sizes are 40 and 72 nm, respectively (Table 1).
Moreover, a silane surface treated BA (Disperal® 40
octylsilane treated, BA-D40 OS), characterized by
the same primary crystallite size as Disperal® 40
was also used.
LLDPE chips were used as received while the BA
fillers were dried at 80°C for 12 h prior to use. The
samples were prepared by melt compounding in a
Brabender® Plasti-Corder internal mixer (T = 170°C,
n = 50 rpm, t = 15 min) followed by compression
moulding using a Collin® P200E hot press (T =
170°C, P = 2 MPa, t = 15 min), to shape square
plane sheets with a thickness of about 0.5 mm. The
filler content was varied between 0 and 8 wt%.
The unfilled matrix was denoted as LLDPE, while the
coding of the nanocomposites indicated the matrix,
the filler type, and the filler weight amount, as well.
For instance, a sample filled with 4 wt% of Dis-
peral® 40 is coded as LLDPE-D40-4.
2.2. Experimental techniques
2.2.1. Filler characterization
Density measurements were carried out through a
helium pycnometer (Micromeritics® Accupyc 1330,
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Table 1. Physical properties of BA nanoparticles utilized in this work
aMeasurements were performed by using a Micromeritics Accupy® 1330 helium pycnometer (T = 23°C).
bKhumalo VM, Karger-Kocsis J., Thomann R.: Polyethylene/synthetic boehmite alumina nanocomposites: Structure, thermal and rheo-
logical properties. eXPRESS Polymer Letters. 2010, 4(5):264–274.
cMeasurements were performed by XRD analyses and applying the Sherrer equation.
Note that BET surface area, primary particle size and crystallite size of BA-D40 OS were assumed to be the same of BA-D40 due to lack
of information in the datasheet.
Filler Density
a
[g!cm–3]
BET surface areab
[m2!g–1]
Particle size d50b
[µm]
Crystallite sizec
[nm]
BA–D40 3.007±0.004 105.0 50 38
BA–D40 OS 3.010±0.025 105.0 50 40
BA–D80 3.018±0.004 88.0 80 72
Norcross USA), at a temperature of 23°C, in a test-
ing chamber with a volume of 3.5 cm3.
X-Ray diffraction measurements on BA powders
were performed by a Rigaku® 3D Max X-ray dif-
fractometer, scanning the samples in a 2! range
between 3 and 67°, at a 2! step of 0.1°. The wave-
length of the X-ray source was 0.1541 nm.
2.2.2. Spectroscopy analyses
Cryogenic fracture surfaces of unfilled LLDPE and
LLDPE nanocomposites were observed at various
magnifications by using a Zeiss Supra 40 (Berlin,
Germany) field emission scanning electron micro-
scope (FESEM), at an acceleration voltage between
1 and 2 kV.
IR spectroscopy was performed on the nanofillers
and on 80 µm thick nanocomposite films in a wave
number interval between 650 and 4000 cm–1, set-
ting a resolution of 2 cm–1 for a total number of 64
co-added scans.
2.2.3. Diffraction analysis
X-ray diffraction analysis was performed through a
Rigaku® 3D Max powder diffractometer, in Bragg-
Brentano geometry, using CuK" radiation (0.1541 nm)
and a curved graphite monochromator in the dif-
fracted beam. Typical scans adopted the following
parameters: 2! range between 3 and 67°, sampling
interval 0.1°, counting time 4 s.
2.2.4. Rheology measurements
Melt rheology of neat LLDPE and of nanocompos-
ites was analyzed by a Rheoplus MCR 301 rheome-
ter (Anton Paar Physics, Ostfildern, Germany) under
controlled strain conditions. The test geometry was
cone-plate (cone angle = 1°) with a diameter of the
plates of 25 mm. Compression molded disks of
around 0.6 mm thickness were placed between the
plates at 180°C. The gap width was set to 0.5 mm
by squeezing the LLDPE disk. Frequency sweep
tests were carried out at 180°C. During the measure-
ment a small amplitude (1%) oscillatory shear was
applied to the samples. The storage and loss shear
moduli (G# and G##, respectively) and the dynamic
viscosity |"*| were measured as a function of angu-
lar frequency (#) in the range 0.01–100 rad/s.
2.2.5. Thermal analyses
Differential scanning calorimetry (DSC) tests were
carried out by a DSC Q2000 (TA Instruments-
Waters LLC, New Castle, USA) differential scan-
ning calorimeter under a constant nitrogen flow of
50 ml·min–1. Samples were heated up to 200°C at a
rate of 10°C·min–1 and cooled to 0°C at a cooling
rate of 10°C·min–1. A second heating scan was then
performed at 10°C·min–1. The melting enthalpy of
100% crystalline polyethylene has been considered
equal to $H0 = 290 J·g–1 [31]. The crystallinity $c of
nanocomposite samples was estimated by taking
the weight fraction of LLDPE in the composites
into account. The melting temperatures Tm1 and Tm2
were recorded during the first and second heating
scan, respectively. The crystallization enthalpy $Hc
was measured by integrating the heat flow curve
during the cooling scan.
Thermogravimetric analyses (TGA) were carried
out through a Q5000 IR thermogravimetric ana-
lyzer (TA Instruments-Waters LLC, New Castle,
USA) imposing a temperature ramp between 40 and
700°C at a heating rate of 10°C%min–1 under a con-
stant nitrogen flow of 25 ml%min–1.The onset of
degradation temperature (Td,onset) was determined
by the point of intersection of the tangents to the
two branches of the thermogravimetric curve, while
the maximum rate of degradation temperature
(Td,max) was determined from the peak maxima in
the first derivative of weight loss curve.
2.2.6. Mechanical tests
Uniaxial tensile tests were performed with an
Instron® 4502 (Norwood, USA) tensile machine on
samples of at least five ISO 527 type 1BA speci-
mens. The tests were carried out at a crosshead
speed of 0.25 mm·min–1 up to a maximum axial
deformation of 1%. The strain was recorded by
using a resistance extensometer Instron® model 2620-
601 with a gage length of 12.5 mm. In accordance
to ISO 527 standard, the elastic modulus was meas-
ured as a secant value between deformation levels
of 0.05 and 0.25%. Uniaxial tensile properties, such
as stress at yield (%y), stress at break (%b) and strain
at break (&b) were determined at a higher crosshead
speed (50 mm·min–1) without extensometer.
Dynamic mechanical thermal analysis (DMTA)
was carried out with a DMA Q800 testing machine
(TA Instruments®-Waters LLC, New Castle, USA)
on rectangular specimens 25 mm long, 5 mm wide
and 0.5 mm thick. The samples were analyzed over
a temperature range between –130 and 80°C, impos-
ing a heating rate of 3°C·min–1 and a frequency of
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1 Hz. A preload of 0.2 MPa and a maximum strain
of 0.05% were set for each test. The most important
viscoelastic functions (E#, E&, tan') were recorded
at different temperatures. By the same apparatus,
short term (3600 s) tensile creep tests at 30°C were
also performed at a constant applied stress (%0) of
1 MPa (i.e 10% of the stress at yield of unfilled
LLDPE).
The plane stress fracture toughness of neat LLDPE
and nanocomposites was assessed through the
essential work of fracture (EWF) method under ten-
sile conditions. According to this approach [32], the
total fracture energy (Wf) spent to bring a pre-
cracked body to complete failure can be partitioned
into an essential work (We) required in the fracture
zone to create new fracture surfaces and a non-
essential work (Wp) dissipated in the outer plastic
zone and required to yield the material. It can be
easily derived that the essential work of fracture
should be proportional to the ligament length (L),
whereas the non-essential work of fracture should
be proportional to L2 see Equation (1):
Wf = We + Wp = wf·L·B = we·L·B + wp·!·L2·B      (1)
which can be written as shown by Equation (2):
wf = we + !·wp·L                                                   (2)
where B is the specimen thickness, ( is a shape fac-
tor, we is the specific essential work of fracture, wp
is the specific non-essential work of fracture. The
quantities we and !·wp are determined by a linear
interpolation of a series of experimental data of wf
obtained by testing specimens having different liga-
ment lengths. The quantity wp can be explicitly
deduced for some shapes of the outer plastic zone
with known ( ! e.g., for circular, elliptical and dia-
mond-type zones ( is given by )/4, )·h/(4L), and
h/(2L), respectively, where h is the height of the
corresponding zone [33].
Furthermore, the specific total work of fracture (wf,
see Equation (3)) can be divided into a specific
work of fracture for yielding (wy) and a specific
work of necking (wn) [33]:
wf = wy + wn = (we,y + !#·wp,y·L) + (we,n + !&·wp,n·L)
                                                                             (3)
Double-edge-notched-tensile (DENT) specimens
(width 30 mm, height 80 mm, thickness 0.5 mm,
distance between the grips 50 mm) were tested with
an Zwick® Z005 tensile machine. At least four tests
were conducted for every ligament length, and five
different ligament lengths between 5 and 13 mm
were tested at a crosshead speed of 10 mm·min–1.
The notches were prepared by using a home-made
apparatus mounting a razor blade, in order to obtain
a very sharp crack tip. From SEM images it was
possible to estimate an average crack tip radius of
less than 20 µm. The exact ligament lengths were
measured with a profile projector with an accuracy
of 0.01 mm.
In order to study the fracture behaviour of the mate-
rial at high strain rate levels, tensile impact tests
were carried out with a CEAST® (Norwood, USA)
tensile impact instrumented pendulum. A striker of
mass 3.65 kg and initial angular position of 63°
reached an impact speed of 2 m%s–1 and a total
impact energy of 7.3 J. Specific tensile energy to
break (TEB) was obtained by Equation (4):
                (4)
where A is the cross section of the specimen, m is
the striker mass and V0 is the impact speed.
3. Results and discussion
3.1. Morphology
SEM pictures taken from the cryogenic surfaces of
LLDPE composites with 4 wt% BA are represented
in Figure 1. The nanofiller appears quite homoge-
neously dispersed in the case of LLDPE-D40-4 com-
posite, altough some agglomerates are clearly recog-
nizable. On the other hand, the silane coupling
agent present on the surface of BA D40 OS
nanoparticles does not seem to affect the filler dis-
persion in the polymer matrix (Figure 1b). Similar
finding was recently reported on the BA dispersion
in poly('-caprolactone) [34]. As already observed
by Brostow et al. [35], although the dispersion is not
affected by the surface treatment of BA nanoparti-
cles, a better polymer–filler interaction takes place
due to replacement of hydroxide surface groups of
the nanoparticles with organic ones. The hypothesis
of an improved adhesion is consistent with the
increment of the mechanical performance as
reported later. In the case of LLDPE-D40 OS
nanocomposites, wetting of the particles by the
polymer matrix is clearly improved by the coupling
treatment, making the interface between two phases
TEB 5
1
A
cV0#tr
0
Fdt 2
1
2m
a #tr
0
Fdt b 2 d
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almost undistinguishable. The enhancement of the
interfacial adhesion can be explained by a decrease
in surface energy of the filler with silane coupling
agents, that leads to a better compatibility with the
apolar LLDPE matrix. SEM pictures taken at higher
magnification confirm the presence of both aggre-
gates and agglomerates within the matrix (Fig-
ure 1d–1f). In particular, the aggregates of BA give
perfectly spherical submicronic particles in the case
of LLDPE-D80-4 composite (Figure 1f). As reported
by Droval, this is probably due to a memory form
effect coming from the aerosol droplets before dry-
ing, resulting in each particle considered as a highly
concentrated nano crystallites boehmite aggregates
linked together through a water-rich amorphous
phase [36].
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Figure 1. SEM image of the fracture surface of (a, d) LLDPE-D40-4, (b, e) LLDPE-D40 OS-4 and (c, f) LLDPE-D80-4
taken at 5 k( (a, b, c) and 50 k( (d, e, f)
The XRD diffractograms of BA nanopowders and
LLDPE nanocomposites are given in Figure 2a and
2b, respectively. In the X-ray diffractograms of BA
nanopowders, the peaks (hkl plan) at 2! = 14.7°
(020), 2! = 28.4° (120), 2! = 38.7°(031), 2! = 49.2°
(200), 2! = 55.5° (151) indicate the presence of the
typical orthorhombic crystalline form of BA. The
average crystallite size, calculated by the Scherrer’s
equation [37], is about 38, 40 and 72 nm for BA-D40,
BA-D40 OS and BA-D80, respectively, in good
accordance to the data reported in the material
datasheet [26]. According to XRD diffractograms
of LLDPE nanocomposites, the intensity of the sig-
nals of all peaks increases with the nanofiller amount.
Furthermore, for a given filler content, a stronger
signal was found for LLDPE-D40 OS-x nanocom-
posites with respect to LLDPE-D40-x and LLDPE-
D80-x. Most likely, the surface functionalization
induced a higher BA crystallinity with respect to
untreated BA, or BA for silane modification was
taken from another production batch.
The IR spectra of BA nanopowders correspond to
those reported for boehmite in the literature [28,
38]. The OH stretching (*OH) bands are at 3290 and
3091 cm–1, while OH bending ('OH) appears at
1151 and 1077 cm–1, the +OH band is at 751)cm–1,
symmetrical and asymmetrical Al–O bonds stretch-
ing are at 638 and 529 cm–1 (Figure 3a).
Representative IR spectra of neat LLDPE, LLDPE-
D40-4, LLDPE-D40 OS-4 and LLDPE-D80-4 nano -
composites are compared in Figure 3b. All the spec-
tra of LLDPE-BA nanocomposites are similar with
marginal differences in intensity due to the different
BA crystallite size. Furthermore, only slight differ-
ences are attributable to BA surface functionaliza-
tion. In particular, formation of small peaks is
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Figure 2. XRD diffractogram of (a) BA nanopowders and (b) LLDPE and LLDPE-BA-4 nanocomposites in comparison
Figure 3. FTIR spectra of (a) BA nanopowders in comparison and (b) LLDPE and LLDPE-BA-4 nanocomposites
observed in the 800–1700 cm–1 region, which are
commonly referred to the presence of silane cou-
pling agents [39].
3.2. Rheological behavior
The effect of the filler addition on the isothermal
frequency dependence of the dynamic shear storage
modulus (G#) and complex viscosity (|"*|) is reported
in Figure 4a for unfilled LLDPE and LLDPE com-
posites filled with 4 wt% BA. A general decrease in
both G# and |"*|can be detected for all LLDPE-BA
nanocomposites over the whole frequency range.
Furthermore, a similar decrease of both G# and |"*|
is also recorded in the case of composites filled
with 8 wt% BA (Figure 4b). Noteworthy, the lower-
ing in viscosity is very beneficial for the material
processing. For the sake of completeness, some insta-
bilities of the samples are observed at low frequen-
cies, mainly regarding the determination of G# val-
ues. This experimental drawback probably occurs
due to the adopted cone-plate configuration.
Incorporation of nanofillers in thermoplastics is
generally associated to a marked increase in the
melt viscosity, at least in the range of low frequen-
cies. Furthermore, a significative enhancement in
G# is generally observed. These changes are usually
assigned to a pseudo solid-like transition caused by
the dispersed nanoparticles [40–46]. Nevertheless,
the lowering of both |"*| and G# by BA addition to
LLDPE contradicts such general trend. It is inter-
esting to observe that Khumalo et al. [26] reported
the same rheological behaviour for polyethylene/
synthetic boehmite alumina nanocomposites. In par-
ticular, a decrease in both G# and |"*| was recorded
for LDPE-BA and HDPE-BA nanocomposites with
respect to the neat matrices. Also Blaszczak et al.
[47] studied the rheological beha*iour of LDPE-BA
nanocomposite and found that the addition of BA
produces a decrease in |"*| compared to that of
unfilled LDPE. A possible explanation is based on
the fact that, as a result of good adhesion between the
polymer matrix and the mineral filler, the polymer
melt with filler flows more uniformly, thus at a
lower viscosity despite adding solid filler [47].
Moreover, since LLDPE is a highly branched poly-
mer whose chains would tend to get entangled,
apparently even poorly bonded plain BA particles
fill in the spaces between chain branches and enable
an easier flow.
3.3. Thermal properties 
As evidenced by DSC analysis, the addition of BA
produces a moderate increase of the crystallization
temperature for all kinds of boehmite, but no partic-
ular dependence of nucleating effect on the BA type
is evidenced (Table 2). However, the crystallization
peak temperature seems to approach a plateau for
boehmite content as high as 4 wt%. The nucleating
effect of boehmite was already reported in previous
papers for polyethylenes [26] and poplypropylene
[27], showing a different nucleating efficiency
depending on the crystallite size of boehmite nano -
filler.
Concurrently, the melting temperature recorded
during the second scan (Tm2) is slightly higher for
LLDPE nanocomposites, while the crystallinity ($c)
does not seem to have a direct correlation with the
nanofiller addition.
The thermal resistance parameters as detected by
TGA measurements are also reported in Table 3.
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Figure 4. Complex viscosity |"*| and storage modulus (G#) with respect to angular frequency (#) for (a) LLDPE and
LLDPE-BA-4 nanocomposites and (b) LLDPE and LLDPE-BA-8 nanocomposites
When considering LLDPE-boehmite nanocompos-
ites, both Td,onset and Td,max markedly increase with
the filler content, showing a slightly higher effi-
ciency in LLDPE-D80 samples. Improved thermal
and thermo-oxidative stability due to the addition of
BA has been already reported for polyethylenes
(PEs) [26] and polypropylene (PP) [27, 28]. Never-
theless, future research is required in order to clar-
ify the mechanism of improvement of thermal and
thermo-oxidative stability in polyolefines by BA
incorporation.
3.4. Tensile mechanical properties and impact
strength
As reported in Table 4, the addition of BA nanopar-
ticles produces a significant increase of the elastic
modulus of the LLDPE matrix, reaching an improve-
ment of 69% for systems filled with 8 wt% of BA
D40, compared to unfilled LLDPE.
The stiffening effect induced by nanofiller incorpo-
ration is most often attributed to the formation of a
rigid interphase between the matrix and the parti-
cles. Nevertheless, it has also been recently pro-
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Table 2. Melting and crystallization characteristics of unfilled LLDPE and relative nanocomposites from DSC measure-
ments
Sample Tm1[°C]
"Hm1 [J/g]
(#m1 [%])
Tc
[°C]
"Hc [J/g]
(#c [%])
Tm2
[°C]
"Hm2 [J/g]
(#m2 [%])
LLDPE 118.0 102.4(35.3) 104.2
98.4
(33.9) 117.5
98.4
(33.9)
LLDPE-D40-1 119.5 100.8(35.1) 111.1
100.3
(34.9) 121.3
100.6
(35.0)
LLDPE-D40-4 121.0 102.8(36.9) 111.7
98.5
(35.4) 120.8
98.8
(35.5)
LLDPE-D40-8 120.9 98.5(36.9) 111.2
94.5
(35.4) 120.8
95.2
(35.7)
LLDPE-D40 OS-1 118.9 100.4(35.0) 104.7
99.3
(34.6) 118.1
99.9
(34.8)
LLDPE-D40 OS-4 121.1 101.2(36.4) 111.9
99.9
(35.9) 119.1
100.4
(36.1)
LLDPE-D40 OS-8 121.0 98.1(36.8) 111.2
94.2
(35.3) 119.1
94.7
(35.5)
LLDPE-D80-1 120.6 103.2(35.9) 110.4
98.6
(34.3) 119.3
98.6
(34.3)
LLDPE-D80-4 121.1 101.2(36.4) 111.4
99.1
(35.6) 121.2
99.5
(35.7)
LLDPE-D80-8 120.3 98.1(36.8) 110.5
94.6
(35.5) 121.1
94.9
(35.6)
Table 3. TGA parameters on unfilled LLDPE and relative
nanocomposites
Sample Td, onset[°C]
Td, max
[°C]
Char
[%]
LLDPE 457.0 477.1 0.3
LLDPE-D40-1 459.9 477.3 2.7
LLDPE-D40-4 461.7 479.7 3.3
LLDPE-D40-8 463.6 481.4 7.4
LLDPE-D40 OS-1 459.1 478.3 2.2
LLDPE-D40 OS-4 459.7 478.4 3.2
LLDPE-D40 OS-8 461.5 480.1 8.2
LLDPE-D80-1 460.7 480.0 2.1
LLDPE-D80-4 461.0 480.7 3.8
LLDPE-D80-8 462.1 480.3 7.7
Table 4. Quasi-static tensile properties at yield and at break and tensile energy to break (TEB)
Sample Tensile modulus[MPa]
Tensile strength at yield
[MPa]
Tensile strength at break
[MPa]
Elongation at break
[%]
TEB
[J/mm2]
LLDPE 200±6 11.7±0.2 21.6±1.0 1390±91 0.63±0.08
LLDPE-D40-1 218±13 11.8±0.1 19.6±0.4 1259±40 0.63±0.07
LLDPE-D40-4 262±13 12.2±0.4 16.8±0.5 1124±69 0.69±0.11
LLDPE-D40-8 337±12 12.3±0.4 15.1±1.1 964±41 0.70±0.06
LLDPE-D40 OS-1 250±18 11.3±0.2 22.1±0.9 1330±33 0.73±0.05
LLDPE-D40 OS-4 279±22 12.9±0.2 21.1±0.6 1249±32 0.84±0.07
LLDPE-D40 OS-8 306±10 13.4±0.2 19.8±0.3 1040±35 0.87±0.11
LLDPE-D80-1 218±17 12.1±0.3 22.8±0.4 1336±38 0.63±0.05
LLDPE-D80-4 246±10 12.4±0.2 19.4±0.4 1135±54 0.93±0.09
LLDPE-D80-8 302±19 13.3±0.1 19.7±1.3 1043±102 0.90±0.08
posed that nanoparticles aggregation can be another
mechanism responsible for stiffness increase in
polymer nanocomposites. A new approach developed
by Dorigato et al. [21, 48] was adopted in order to
model the elastic properties of LLDPE-BA nano -
composites taking into account the stiffening effect
provided by rigid nanoparticles forming primary
aggregates, with the hypothesis that part of the
polymer matrix is mechanically constrained within
the aggregates. In order to implement the model,
the Poisson’s ratio of matrix and filler were chosen
as 0.44 and 0.23, respectively, while the elastic
modulus of BA was considered equal to 385 GPa in
according to literature data [49].
The relative elastic modulus of the LLDPE-BA
composites is plotted in Figure 5 as a function of
the filler volume fraction, along with the fitting
curves generated by the adopted model. It can be
noticed that the proposed model can predict quite
well the elastic modulus of LLDPE-D40-x and
LLDPE-D80-x composites over the whole range of
filler concentration. Furthermore, the significative
increase of the elastic modulus detected for nanocom-
posites is associated to enhanced , values, which
indicates the fraction of matrix constrained by nano -
particles. As already noticed by Dorigato et al. [20]
when applying the model to the case of LLDPE
filled with fumed silica nanoparticles, there exists
an apparent correlation between the , parameter
and filler surface area (Table 1). Indeed, the smaller
the particle, the higher the surface area and the
stronger the propensity to agglomerate, leading to
more extensive primary aggregates formed during
manufacturing of finer BA filler.
On the other hand, the proposed model does not sat-
isfactory fit the case of LLDPE-D40 OS-x systems,
probably due to a better polymer–filler interaction
which produces superior interface properties espe-
cially at low nanofiller contents. As already observed
from SEM micrographs, the surface functionaliza-
tion of filler does not significatively affect the filler
dispersion but improves the interface properties
between matrix and filler.
If the ultimate mechanical properties are considered,
it can be observed that the yield stress increases
proportionally to the filler content while the stress
at break decreases for all kinds of BA nanocompos-
ites, probably because of the filler agglomeration
and stronger interaction [16]. For the same reason
the elongation at break of nanocomposite is lower
than that of neat LLDPE. A similar behavior was
reported by Khumalo for the tensile yield and
strength of LDPE/BA nanocomposites [51]. Both
yield stress and stress at break are slightly higher in
LLDPE-D40 OS-x and LLDPE-D80-x samples
with respect to LLDPE-D40-x.
When the load is applied at high speed through ten-
sile impact tests, the introduction of BA nanoparti-
cles leads to an interesting increase of the tensile
energy at break (TEB). The toughening effect is
more intense as the nanoparticles are surface func-
tionalized, in accordance with the conclusions
reached under quasi-static tensile loading (Table 4).
While the presence of an organic modifier on the
surface of the nanoparticles seems to not affect the
tensile properties at break under quasi-static condi-
tions, tensile energy at break under impact test is
remarkably improved in the case of BA40 OS filled
nanocomposites. Rong et al. [52, 53] and Wu et al.
[54] already found that the addition of small amount
of modified nanoparticles (SiO2 or CaCO3) could
improve the fracture toughness of polypropylene
more effectively than the untreated ones, probably
due to a better filler/matrix interaction which pro-
duces a delaying the shear yielding of the matrix
and favours the filler-matrix load transfer mecha-
nism.
Furthermore, the addition of BA D80 and BA D40
OS produces a stronger enhancement in TEB than
that of BA D40. This can be attributed to the higher
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Figure 5. Relative elastic modulus of LLDPE-BA nano -
composites as a function of the filler volume con-
tent, with fitting of experimental data in accord-
ing to the model proposed by Dorigato et al. [21]
(continuous line). Note that the error bars of data
are not represented for clarity reasons.
yield stress and stress at break measured for the for-
mer samples with respect to the latter ones.
3.5. Viscoelastic behaviour
In Figure 6 the isothermal creep compliance of
unfilled LLDPE and its nanocomposites containing
4 wt% BA, under a constant load of 1 MPa and at
30°C, is reported, while in Table 5 the elastic (De)
viscoelastic and total components of the creep com-
pliance after 2000 s (Dve2000 and Dt2000, respectively)
are summarized. The introduction of BA nanoparti-
cles leads to a significant improvement of the creep
stability of the material. It is generally believed that
nanoparticles can effectively restrict the motion of
polymer chains, influencing the stress transfer at a
nanoscale, with positive effects on the creep stabil-
ity of the material [55]. The addition of BA-D40 OS
nanoparticles provides further creep reduction com-
pared to the untreated one. This is probably due to
the better restriction of molecular chains during the
viscoelastic flow, affected by the BA surface func-
tionalization.
The dynamic-mechanical response of LLDPE is
also markedly affected by the addition of BA nano -
particles. The storage modulus (E#) increases signif-
icantly as the BA content increases, probably due to
the restrictions of the molecular chains motion
(Table 5), thus indicating that the incorporation of
BA nanoparticles remarkably enhances stiffness
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Table 5. Creep compliance data and dynamic mechanical properties of LLDPE and relative nanocomposites (f = 1 Hz)
Sample De[GPa–1]
Dve2000
[GPa–1]
Dt2000
[GPa–1]
E$ (–130°C)
[MPa]
E$ (23°C)
[MPa]
E% (23°C)
[MPa]
Tg
[°C]
LLDPE 5.96 7.39 13.35 4236 416 26.0 –110.5
LLDPE-D40-1 5.91 5.74 11.65 4448 590 50.8 –108.2
LLDPE-D40-4 5.72 5.30 11.02 4784 684 56.8 –104.7
LLDPE-D40-8 5.44 4.80 10.24 4942 686 61.7 –103.4
LLDPE-D40 OS-1 5.86 5.65 11.51 4429 540 48.3 –110.3
LLDPE-D40 OS-4 5.70 4.89 10.59 5102 695 58.4 –107.3
LLDPE-D40 OS-8 4.85 2.78 7.63 5258 737 62.2 –105.7
LLDPE-D80-1 5.80 5.45 11.25 4796 617 53.0 –107.8
LLDPE-D80-4 5.43 4.27 9.70 5031 755 59.1 –104.0
LLDPE-D80-8 4.73 4.24 8.97 5627 764 63.8 –103.8
Figure 6. Creep compliance (D(t)) of LLDPE and LLDPE-
BA-4 nanocomposites (T = 30°C, %0 = 1 MPa)
Figure 7. Dynamic mechanical properties of unfilled LLDPE and relative nanocomposites (f = 1 Hz): (a) Storage modulus
(E#) and (b) Loss tangent (tan')
and load bearing capability of the material. The
addition of BA-D80 produces the highest enhance-
ment in E#. On the other hand, nanofiller incorpora-
tion produces only marginal effect on E&, without
dependence on the BA grade. The glass transition
temperature (Tg), evaluated in correspondence of the
tan' peak, was higher for all nanocomposites with
respect to unfilled LLDPE, thus reflecting the restric-
tion of the motion of polymer chains induced by the
nano fillers incorporation. Moreover, the Tg increase
indicates an effective interfacial interaction between
the BA nanoparticles and the LLDPE matrix [13].
Comparison plots of the storage modulus (E#) and
loss factor (tan') are reported in Figure 7a and 7b,
respectively, as a function of temperature for unfilled
LLDPE and its nanocomposites containing 4 wt%
BA.
3.6. Fracture toughness
The EWF method was applied to characterize the
plane stress fracture toughness. At first, the precon-
ditions necessary for the application of the EWF
methodology were verified [32]. In particular, the
validity criterion verifies that all tests were con-
ducted under plane-stress state. Furthermore, all the
specimens exhibited delayed yielding (i.e. the liga-
ment yielding is fully yielded when the crack starts
to propagate), with subsequent ductile fracture,
showing a large plastic deformation zone surround-
ing crack tip. Moreover, most specimens mani-
fested evident necking after yielding, in agreement
with Equation (3). Since the force – displacement
curves of specimens with different ligament lengths
were geometrically similar (self-similarity), the
fracture mechanism was probably independent on
the ligament length (Figure 8).
Interestingly, in all samples including nanocompos-
ites, the area under the curve after the maximum
force is higher than that prior to maximum force,
thus indicating slow crack propagation with high
energy absorption, typical of ductile materials [33].
The addition of BA nanoparticles to LLDPE did not
modify these general features.
The elliptical shape of the stress-whitened zone
formed during tensile EWF test performed on
LLDPE nanocomposites was similar to that of neat
LLDPE with slight variation in the height of the
zone. The elliptical shape can be characterised by a
shape factor (, estimated as )·h/(4L), where h is the
height of whitened zone while L is the ligament
length. The total specific essential work of fracture
(we), the specific essential work of fracture at yield-
ing (we,y) and the specific essential work of fracture
for necking (we,n) were obtained by linear fits and
summarized in Table 6. In general, a noticeable
improvement of we can be observed as the BA con-
tent increases for all kinds of BA nanoparticles,
whereas (·!wp values slightly decrease upon BA addi-
tion. These results clearly indicate that BA addition
siginficatively toughens the LLDPE matrix [33].
Moreover, partitioned components of the specific
essential work of fracture, such as the yielding-
related component (we,y) and EWF for necking-
related component (we,n), also show an improve-
ment in all nanocomposites when compared to
unfilled LLDPE. In particular, the improvement in
we,y is probably due to the higher yield stress of
nanocomposites with respect to neat LLDPE, while
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Figure 8. Load–displacement (F–u) curves of (a) LLDPE and (b) LLDPE-D40-8 nanocomposites. The arrow indicates
increasing ligament length. The partitioning between yielding and necking works of fracture is indicated in (a).
the change in we,n might arise because of an improved
crack propagation resistance in nanocomposites
[56]. Only marginal differences are appreciable
when comparing values of we and (·wp in samples
filled with different types of BA nanoparticles. On
the other hand, the samples LLDPE-D40 OS-x and
LLDPE-D80-x show generally higher we,y values
due to the higher yield stress measured with respect
to that of LLDPE-D40-x samples.
4. Conclusions
LLDPE based nanocomposites were prepared
through melt compounding and hot pressing using
different kinds of BA nanoparticles in order to
assess the role of the filler crystallite size and sur-
face treatment on the viscoleastic and fracture
response of the material.
In particular, both untreated and octylsilane surface
treated BA nanoparticles with crystallite size of
40 nm were used to produce the nanocomposites.
Furthermore, as means of comparison, other sam-
ples were produced with untreated BA particles
with primary crystallite size of 74 nm. BA particles
were finely and homegenously dispersed in LLDPE
though in agglomerated form. The nanoscale disper-
sion of BA was practically not affected by the sur-
face treatment. BA filling did not affect the crys-
tallinity of the nanocomposites though BA acted as
nucleant. Presence of BA slightly enhanced the resist-
ance to thermo-oxidative degradation of the LLDPE
matrix. Incorporation of BA was accompanied with
an increase in both tensile modulus and yield
strength, and with some reduction in both ultimate
tensile strength and elongation at break. The tensile
impact energy was prominently improved with
increasing amount of BA. Larger crystallite particle
size and surface treatment of BA yielded further
enhancement in this property. Surprisingly, the melt
viscosity was reduced by BA nanofillers.
Short term creep tests showed that creep stability
was significatively enhanced by nanofiller incorpo-
ration. Concurrently, both storage and loss modulus
were increased in all nanocomposites. The plane-
stress specific essential work of fracture showed a
considerable increase (up to 64 %) with the BA con-
tent but no significant difference depending on the
BA type.
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